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Abstract
The growth of InP by gas source molecular beam epitaxy has been investigated. N-type
and P-type films were grown in order to characterize the behavior of the silicon and beryl-
lium cells respectively. The quality of those films was examined through Hall effect mea-
surements.
Undoped InP films were grown at various substrate temperatures, V-III ratios and cracker
temperatures. The effect of oxide removal by atomic hydrogen was also examined. The
quality of the films was examined by using various post growth techniques. These include
Hall effect measurements, x-ray diffraction, photoluminescence, Nomarski microscopy,
secondary ion mass spectrometry and atomic force microscopy. Recommendations are
given for the optimum growth conditions for InP films.
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Chapter 1
Introduction
1.1 Motivation for InP
Opto-electronic devices based on materials grown on Indium Phosphide (InP) sub-
strates have generated much interest. 1.3 pm is the zero dispersion wavelength in optical
single mode fibers, and 1.55gm is the low loss wavelength. Therefore, optical devices that
emit light in the wavelength region between 1.1gm and 1.6gm have been studied. The
InGaAsP materials that can be grown lattice-matched to InP (see figure 1.1) are in the
range of 0.9gm - 1.6gm. Numerous devices have been demonstrated in this material sys-
tem including PIN detectors, Avalanche Photodiodes (APDs), Resonant Tunneling Diodes
(RTDs), High Electron Mobility Transistors (HEMTs) and Quantum Well Lasers.
To obtain high quality devices based on the InP material system, it is necessary to have
the capability to epitaxially grow high quality material. Different devices may have differ-
ent demands in terms of electrical and optical performance. Electrically, it is desirable for
the material to be as uncompensated as possible, with a low background carrier concentra-
tion which yields high mobility films. Optically, it should emit light in as narrow a wave-
length region as possible. For layers that are part of a optical waveguide, it also necessary
to reduce the surface defect density as much as possible in order to prevent the light from
scattering. It is useful then to examine the growth conditions under which each of the
desired material qualities can be achieved and thus to determine what trade-offs are neces-
sary for each application.
1.2 Thesis overview
Gas Source Molecular Beam Epitaxy growth conditions will be examined for InP in
order to optimize the quality of the InP material obtained. The study begins with an exam-
ination of the doping characteristics of beryllium and silicon in InP. In the second phase,
InP will be grown under different substrate temperatures, V-III ratios, and phosphine ther-
mal cracker temperatures in order to examine how the optical and electrical characteristics
change under these conditions. An additional set of growths compares a film whose native
oxide was removed by the use of atomic Hydrogen prior to material deposition, and a film
grown under similar conditions with the oxide thermally desorbed. The material in all of
the studies are evaluated for quality by performing Hall effect measurements to measure
Hall mobility and net carrier concentration, photoluminescence to gauge optical quality,
X-ray diffraction to evaluate crystal quality, Secondary Ion Mass Spectrometry to evaluate
impurity concentrations, and Nomarski and Atomic Force Microscopy to examine surface
morphology.
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Chapter 2
Gas Source Molecular Beam Epitaxy (MBE)
2.1 Introduction to Molecular Beam Epitaxy
The method of MBE involves the generation of fluxes of elemental or compound material
which are transferred to a heated substrate in an ultra high vacuum. The fluxes are gener-
ated by either heating of liquid or solid sources or by the introduction of gaseous sources.
Precision control of the layers can be obtained through the use of shutters in front of the
sources, and deposition rates of about one monolayer per second can be achieved[1]. This
method of growth was developed by A.Y. Cho, J.R. Arthur and other co-workers as a
result of kinetic studies done by Arthur. In his studies, Arthur used small effusion cells
containing elemental Ga and GaAs which was dissolved in Ga to generate beams. These
beams were in line-of-sight of a heated GaAs substrate. In order to keep the background
partial pressure low, a liquid nitrogen cooled cryopanel was used. To make this method
practical, sources were enlarged, the cryopanels were improved, beam fluxes were
improved, and vacuum interlocks were put into use[2]. This method has been very suc-
cessful and allows the growth of abrupt heterojunctions and doping profiles and precise
layer growth. The growth of InP based structures posed a challenge for MBE. The early
method used involved the vaporization of red phosphorus, P4. Their are a a few problems
associated with the use of P4 which makes it an unattractive option. Among these are: (1)
P4 is composed of various allotropic forms each with a different vapor pressure, (2) build-
up of white phosphorus occurs during growth having a detrimental effect on the vacuum
level in addition to it burning in the presence of air, and (3) P4 has a very short lifetime,
necessitating a large flux to prevent an In rich condition in InP [2].
2.2 Overview of Gas Source Molecular Beam Epitaxy (GSMBE)
GSMBE methods are a variation on the conventional MBE process where hydrides are
substituted for the group V elements. If the group III sources are solid as used in conven-
tional MBE, and the group V materials are hydrides, this method is sometimes referred to
as Hydride Source Molecular Beam Epitaxy. In another subset of GSMBE, the group III
sources are replaced with organometallic compounds. This method is commonly referred
to as Metal Organic Molecular Beam Epitaxy (MOMBE). GSMBE was developed in
response to the need for high quality III-V compounds that contain both As and P. In con-
ventional MBE or Elemental Source MBE (ESMBE) as it is sometimes referred to, it is
difficult to control the ratio of arsenic to phosphorus flux. This is partly due to the diffi-
culty in obtaining the precise temperature control needed for their effusion cells. The ele-
mental phosphorus is especially difficult to control for the reasons outlined previously.
The use of valved crackers in GSMBE allows for the precise control of As to P ratios.
Another advantage of replacing the group V sources with hydrides is that the sources can
be replenished while the system is still under vacuum [3].
The disadvantage of using hydride sources is that additional pumping equipment is
needed and more importantly, there are additional safety issues that have to be addressed.
Safe gas handling procedures include the use of doubly enclosed piping, high capacity air
handlers, a gas scrubber and a comprehensive gas detection system.
2.3 GSMBE system at MIT
All of the films for this thesis were grown in a Riber Instruments SA 32P chamber. It
includes eight ports for effusion cells. The current configuration includes two solid source
indium, one gallium, one aluminum, one silicon, and one beryllium cell. There is a high
temperature cracker cell for arsine and phosphine as well as a hydrogen cell. Other ports
include one for an infra-red pyrometer, Reflection High Energy Electron Diffraction
(RHEED), and an ellipsometer for growth control and in-situ materials analysis. The
chamber vacuum is maintained by a Balzers Pfeifer turbo pump with a capacity of 2200
liters per second. The Riber chamber is integrated with a II-VI growth chamber through a
high vacuum transfer chamber (see figure 2.1).
For many InP growths, quarter wafers are In mounted on 2 inch silicon wafers due the
high cost of using full InP substrates. A sample is loaded into the introduction chamber
and mounted on a sample block that has been baked for 2 hours at 4500C. The introduc-
tion chamber is then pumped down to about (2-3) x 10-7 Torr. Using the transfer manipula-
tor arm, the sample is then moved via the transfer chamber to the bake station for a one
hour bake-out at 210 0C for outgassing of water and other impurities. The sample is then
transferred to the Riber buffer chamber. Before the sample is transferred into the deposi-
tion chamber, the source cells and the thermal cracker are outgassed and flux measure-
ments are taken. To assist in the maintenance of an UHV environment, a general cryopanel
surrounding the entire deposition area is cooled with liquid nitrogen. An additional cryo-
panel surrounding each cell is used for prevention of cell cross contamination and to pro-
vide thermal isolation [23].
With the sample in place in the growth chamber, the substrate is heated to a tempera-
ture where the oxide can be thermally desorbed. For InP, this is about 4500 C as measured
by the thermocouple. If the sample is going to be hydrogen cleaned, this is done at 2000C
to 2400C. Cracked phosphine is introduced into the chamber at 250 0 C to prevent the out-
gassing of phosphorus from the substrate. The point at which the oxide is removed can be
determined by using RHEED and is indicated by the transition from a (1x2) to (2x4)
reconstructed surface (see appendix for information about RHEED). The sample is then
heated to growth temperature (4800C - 520 0C) and the effusion cells are ramped to their
appropriate temperatures. Material growth is initiated by opening of the appropriate cell
shutter. Layer thicknesses can be estimated by measuring the period of the RHEED oscil-
lations. Epilayer growth is usually initiated with the deposition of a thin buffer layer of
InP in order to smooth out the growth surface.
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Figure 2.1: Schematic diagram of MIT epitaxial growth system.

Chapter 3
InP doping study
3.1 Introduction
In order to characterize the behavior of the silicon and beryllium dopant cells and to
gauge the quality of the resultant material, two series of growths were conducted. In the
first set, five silicon-doped (n-type) InP samples were grown at different silicon cell tem-
peratures. The growth rates were similar and the PH3 flow rates were all 2.5 SCCM (See
Table 3.1). In the second set, five beryllium-doped (p-type) InP samples were grown at
various beryllium cell temperatures. Except for R438 and R460, all of the samples were
grown with PH3 flow rates of 2.5 SCCM. R438 and R460 were grown with phosphine
flow rates of 1.73 SCCM and 1.5 SCCM, respectively. Growth rates for all of the samples
were similar and are given in Table 3.3. The results of the Hall effect measurements of
each of these series of growths are given in the next two sections.
3.2 Silicon-doped InP
The growth parameters for the n-type samples are given in Table 3.1.
Table 3.1: Growth conditions for silicon-doped samples
GrowthbP ThicknessGrowth Tasub TSi (oC) PH3  (x rate hickness
# (CC) (SCCM) ((rm/ rTorr) hour)
hour)
R480 480 1035 2.5 3.1 1.08 1.44
R481 480 1065 2.5 3.1 1.07 1.33
R488 480 1005 2.5 3.1 1.16 1.5
R514 480 975 2.5 3.3 0.98 1.5
R570 480 1100 2.5 3.2 1.08-1.2 1.44
a. Thermocouple measurement
b. Initial growth rate
As can be seen from the data in Table 3.2, and depicted in Figure 3.1, the carrier con-
Table 3.2: Hall results for silicon-doped samples
300K Hall 77K 77K Hall
Tsi(oC) 300K Carrier
ample# conc. (cm-3) mobilty Carrier mobiity
(cm 2/Vs) conc. (cm -3) (cm 2/Vs)
R514 975 2.562x 1017 2636 2.337x 1017 2711
R488 1005 3.01 x 1017 2820 2.95 x 1017 2387
R480 1035 8.13x 1017 2207 8.267x 1017 1933
R481 1065 1.45 x 1018 1800
R570 1100 4.70 x 1018 1095 5.48 x 1018 1154
centration ranges from 3x10 17cm -3 to mid 1019cm -3. The data points obtained are very
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(300K) as a function of silicon cell
temperature
similar to the results achieved by Morishita et. al in their MOMBE growth of InP:Si [6]. In
LI1 IVV IVV IVYRh~
· 1 · _ · I1 '
0ns15 I _
that study, net donor concentrations of as low as 6 x 1015 cm -3 were reported for a Si cell
temperature of 1173 OK. Based on the net donor concentration versus Si cell temperature
data, it is possible to show that the Si incorporates in proportion to e-EakT,where Ea is the
activation energy, k is the boltzman constant and T is the Si cell temperature. In Figure
3.1, a best fit is made of the data yielding an activation energy of 5.63 x 10-19 eV. The
equilibrium vapor pressure of Si is also shown to examine how efficiently the Si is incor-
porating. Since the curves coincide, this suggests that the carrier concentration is propor-
tional to the Si arrival rate and the Si incorporation efficiency is fairly constant[6].
One way to guage the quality of the as grown material is to examine the mobility ver-
sus carrier concentration for the sample, and to compare these with other published
results. Figure 3.2 compares the data from this series to results from reference [6]. All of
the data were taken at 300K. The results indicate that the quality of this series is compara-
ble in this respect to the results of Morishita. In order to attempt to quantify the quality of
the material, these results can be compared to theoretical models which relate carrier con-
centration to carrier mobility through a parameter called the compensation ratio [7, 8]. The
compensation ratio is the ratio of ionized acceptors to ionized donors (N-A/N+D). The
closer this ratio is to zero, the higher the n-type material quality.
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Figure 3.2: 300K mobility versus net donor
concentration
One of the most widely used models relating carrier concentraton, mobility and com-
pensation ratio is that of Walukiewicz et al. [7]. From their model, the results of which are
given in Figure 3.3, the compensation ratio of our samples is estimated to be approxi-
mately 0.2 to 0.3.
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Figure 3.3: 300K compensation ratio theory [7] with MIT results
3.3 beryllium-doped InP
The growth parmaters used in this series are given in Table 3.3. The conditions are uni-
form through most of the growths with the beryllium cell temperature varied in order to
Table 3.3: Growth parameters for Be-doped samples
Growthb Thickess
Growth TBe (C) PH3  ( 5  rate(OC) ( x -  (m)# (SCCM) Torr) m/
hour)
R462 480 615 2.5 3.2 1.08 1.44
R438 480 645 1.76 2.0 .862 1.50
Table 3.3: Growth parameters for Be-doped samples
Growth 'sub Be (P Grwthb ThicknessGrowth (s PH3 rate(oC) (Be(OC) Px10- ra (Rm)# (SCCM) (gm/
hour)
R459 480 675 2.5 3.1 1.08 1.44
R460 480 705 1.5 1.8 1.08 1.44
R608 480 720 2.5 3.3 1.07 1.42
R461 480 735 2.5 3.2 1.08 1.44
a. Thermocouple measurement
b. Initial growth rate
obtain a range of doping values.The results of the Hall effect measurements are given
Table 3.4 and the 300K results are depitcted in Figure 3.4 and Figure 3.5.
Table 3.4: Hall results for Be-doped samples
300K Hall 77K 77K Hall
Sample # aTo( C  (cm-3c mobilty Carrier mobiity
acn ( 3) (cm 2/Vs) conc. (cm-3) (cm2Ns)
R462 615 -2.47x10 17  66.36 1.96x10 16  404.5
R438 645 -1.776x10 1 7  638.8 1.855x 1017 208.5
R459 675 1.77x10 18  70.5 9.11x10 17  64.87
R460 705 3.62x1018  57.58 4.63 x 1018 39.10
R608 720 2.765 x 1017 38.41 2.082 x 1018 24.89
R461 735 2.04x10 18  55.68 6.56x10 17  70.5
a. negative value indicates n-type
For low beryllium cell temperatures, the material is shown to be n-type at 300K which
is another indication that the material is compensated. At 77K, all of the beryllium-doped
samples are shown to be p-type as expected. Apparently, the donor impurities are not ion-
ized at this low temperature leaving the samples with a net ionized acceptor concentration.
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Figure 3.4: 300K net acceptor concentration ver-
sus Be cell temperature
It is interesting to note that the net acceptor concentration tends to decrease with increas-
ing beryllium cell temperature after reaching a maximum of about 5x1018 cm -3. Similar
results were obtained by Hakkarainen et. al. [9] but with slightly higher maximum net
acceptor concentrations of about 1019 c -73. From their study of the low temperature pho-
toluminescence spectra of the samples, it was concluded that at high concentrations, the
beryllium is likely incorporated as both a substitutional donor and acceptor. In a similar
study by Panish et. al., their GSMBE-grown InP layers had net background donor concen-
tratons of 1017 cm -3 following breaches of the system. The Be-doped p-type material that
could be obtained under these conditions was only at net acceptor concentration levels
above 1018 cm 3 . After sufficient bakeout periods however, the background donor concen-
tration was reduced to 1.6 x 1016 cm "3 [10]. As with the Si-doped material, it is useful here
to examine the mobilities as a function of carrier concentration. The results are depicted in
I I I I
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Figure 3.5: Mobility versus net acceptor concen-
tration along with data from reference [10]
Figure 3.5, and compared with the results of Panish from reference [10]. The results indi-
cate that the layers grown are of similar quality.
3.4 Discussion
From the results of the previous sections, it is clear that there are some unwanted
impurities in these InP films. In order to improve the quality of the grown material, it is
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necessary to evaluate the possible sources of these impurities and to attempt to modify the
growth procedure in order to minimize their influence. Broadly, two major categories of
impurities may be involved. The first catagory involves those that are associated with the
material substrate. The second catagory of impurities are due to background impurities in
the growth chamber. Conductive, n-type interface layers have been reported elsewhere in
undoped GSMBE-grown InP. Secondary Ion Mass Spectrometry (SIMS) measurements
were conducted on those samples revealing both carbon and silicon impurities at the inter-
face, both of which can act as donors. It was reported that the concentration of these impu-
rites was not noticeably reduced when epi-ready wafers were used in place of chemically
pretreated substrates [12]. The source of the Si and C impurities was believed to be from
exposure to the atmosphere. This issue can be particularly problematic when thin layers of
lightly doped p-type or undoped material are grown. In this situation, a depletion region
will form which will make Hall measurements invalid. As to the issue of background
impurities in the chamber, and strategies for minimizing them, this has been studied exten-
sively for CBE and MBE growth techniques [13, 14, 15, 16, 17] and to a lesser extent for
the technique of GSMBE [18, 19, 20]. For all of these techniques, it was reported that with
increasing substrate temperature during growth, the background carrier concentration
decreases. This is accomplished though with a subsequent degradation of the surface mor-
phology. With CBE techniques, it has been reported that electrical quality decreases with
an increase in the phosphine cracking temperature [13, 14]. The effect of V-III ratios on
material quality was examined for both CBE and GSMBE [16, 18]. These issues will be
discussed more thoroughly in the next chapter.

Chapter 4
Chamber Conditions
4.1 Experimental overview
The GSMBE growth of InP was examined under a number of conditions with the
intent of optimizing the material quality. Prior to this study, the typical growth parameters
at MIT for InP were: Tsubstrate = 4800C, Tcracker = 9000 C, PH3 = 2.5 SCCM. At the typical
growth rate of about 1 jim/hour, the phosphine flow rate corresponds to a group V to group
III ratio (V-III ratio) of about 6.7. InP was grown, and the above parameters were varied
over a wide range. Material quality was evaluated using Hall effect measurements, x-ray
diffraction, photoluminescence and Nomarski microscopy.
4.2 Determination of V-III ratios
For each of the substrate temperatures used in the study, a separate calibration run was
performed in order to determine the V-III ratio at the surface of the material. This is neces-
sary because as the substrate temperature is varied, the rate of phosphorus desorption from
the material changes and thus the V-Ilm ratio at the surface changes.
In order to determine the V-III ratio, InP was heated to the proper substrate tempera-
ture and a thin buffer layer was deposited. The indium cell was set at a fixed temperature
and the phosphine flow was set at a value that was assumed to give a V-III ratio of much
greater than 1. A thin layer of InP was then grown and the growth rate was determined by
the resultant RHEED oscillations. The phosphine flow rate was then reduced by a small
increment and the process was repeated with the growth of an additional thin layer. In the
region of growth in which the phosphorous was available in excess, the reduction in the
available phosphorous will not effect the resultant InP growth rate. At a certain point how-
ever, the growth enters into a phosphorous-limited region in which the rate of growth is
limited by the supply of phosphorous. At this point, any decrease in the phosphine flow
rate, and by extension the available phosphorous at the substrate surface, results in a
decrease in the InP growth rate. At the point at which this transition occurs, the V-III ratio
is unity. The growth rate and phosphine flow rate are recorded at this point and used to
determine the V-III ratio in the subsequent growths at that substrate temperature.
4.3 Effect of substrate temperature and V-III ratio
4.3.1 Overview
At each of three different substrate temperatures, a set of InP films was grown at dif-
ferent V-III ratios. Each of the growths was performed using similar growth rates of
Table 4.1: Substrate temperature and V-III ratios under study
Sample # Tsub (OC) V-III ratio
R583 480 3.95
R584 480 2.28
R585 480 8.49
R612 480 6.25
R589 500 -2a
R590 500 -4.06
R591 500 6.64
R592 500 -8.6
R604 520 1.91b
R605 520 4
R606 520 6.64
R607 520 8.45
a. ~- indicates initial fluctuation in V-III ratio
b. estimated using growth rate from R605
approximately 1.1 gtm/hour. Epilayer thicknesses were all on the order of 2.5 pm - 3 pm.
Growth rate and thickness were both estimated through RHEED intensity oscillations.
4.3.2 Experimental Results
Table 4.2: Growth conditions for samples grown at Tsubstrate = 4800 C and various V.
III ratios
H3  Growth ThicknessSample # TIn (OC) (SCCM) Pg (Torr) Rate (gm/ V-III ratio (Rm)hour)a
R583 830b  1.77 2.2 x 10-5  1.08 3.95 3.00
R584 830 1.0 1.2 x 10-5  1.06 2.28 2.95
R585 830 3.35 4.5 x 10-5  0.96 8.49 2.65
R612 832 2.5 3.3 x 10-5  0.96 6.25 2.67
a. Steady state growth rate as estimated from RHEED intensity oscillations
b. Temperature fluctuated by approximately plus or minus 1.5 OC.
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Figure 4.3: 10K PL FWHM versus V-
III ratio at Tsubstrate = 4800 C
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The growth conditions used in the first study are summarized in Table 4.2. During
these growths, the indium cell was quite unstable and thus the growth rates fluctuated
somewhat on an individual and group growth basis. However, the error associated with
these fluctuations is estimated to be less than 10% based on the maximum measured
RHEED oscillation fluctuation. In Figure 4.1, the net donor concentration at 77K is given
as a function of the V-III ratio. From these results, it appears that the V-III ratio that yields
the optimum results (lowest background concentration) is approximately 6 - 6.5. The 77K
Hall mobility as a function of V-III ratio is given in Figure 4.2. It is clear from these results
that the material with the highest Hall mobility is achieved at a V-III ratio of approxi-
mately 6 which is in agreement with the carrier concentration results. Another published
result in which InP was grown by chemical beam epitaxy using tertiarybutylphosphine
found a peak mobility at a V-III ratio of about 5. In that study, at V-III ratios higher than 5,
the decrease in mobility was hypothesized to be the result of increased carbon incorpora-
tion at donor impurities in group III sites. At lower V-III ratios, the decrease was hypothe-
sized to be due to degradation of layer morphology [16]. In that study, an increase of
mobility at low V-III ratios was not reported. The results of the low temperature photolu-
minescence measurements are summarized in Figure 4.3 and a typical PL spectra is
depicted in Figure 4.4. These results seem to be highly correlated qualitatively with the net
donor concentration data.
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Figure 4.4: Typical photolumi-
nescence spectra
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Table 4.3: Growth conditions for samples grown at Tsubstrate = 5000C and various V-
III ratios
PH3  Growth ThicknessSample # Tin (0C) (SCCM) Pg (Torr) Rate (gm/ V-III ratio
hour)a
R589 830 0.9 1.1 x 10-5  1.14 2.00 2.65
R590 830 1.8 2.4 x 10-5  1.12 4.06 2.70
R591 830 2.95 3.9 x 10-5  1.12 6.64 2.70
R592 830 3.7 5.2 x 10-5  1.10 8.6 2.65
a. Steady state growth rate as estimated from RHEED intensity oscillations
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Figure 4.5: 77K net donor concentration
versus V-III ratio for Tsubstrate = 5000C
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Figure 4.7: 10K PL full width half
maximum versus V-III ratio for
Tsubstrate = 5000 C
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Figure 4.8: X-ray full-width-half-maximum
versus V-UI ratio for Tsubstrate = 5000C
The growth conditions used in the second study are summarized in Table 4.3. All of
these films were grown at a substrate temperature of 5000C. The V-III ratios for these sam-
ples were comparable to those of the previous study. The net donor concentrations as a
function of V-III ratio are given in Figure 4.5. At the higher V-III ratios, the carrier con-
centration behavior is similar to that of the films grown at Tsubstrate = 4800C. At the lowest
V-III ratio however, the carrier concentration decreases. The mobility data given in Figure
4.6 show that at the higher V-III ratios, the mobility behaves qualitatively as expected. In
other words, films having higher carrier concentrations exhibit lower carrier mobility and
vice versa. For the low V-III ratio sample, in which the net donor concentration is lowest
for the whole series, the mobility is not the highest. This is likely related to the highly
degraded morphology of that sample. At this substrate temperature, phosphorous desorp-
tion plays a significant role and an increase in phosphorous flux is necessary in order to
achieve reasonable morphologies. The PL FWHM data are depicted in Figure 4.7 and are
highly correlated to the net donor concentration data as in the samples grown at Tsubstrate =
4800C. The X-ray FWHM data for this series are depicted in Figure 4.8 and a typical x-ray
spectra is shown in Figure 4.9. It is clear that there is a high correlation between the X-ray
results and the mobility data. For this substrate temperature, the optimum growth condi-
tions are at a V-III ratio of approximately 6.5. This yields the highest mobility and much
better morphology than obtained at a V-III ratio of 2.
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Table 4.4: Growth conditions for samples grown at Tsubstrate = 5200 C and various V-
HI ratios
GrowthPH3 Growth ThicknessSample # TIn (OC) (SCCM) Pg (Torr) Rate (pm/ V-III ratio (gm)
hour)a
R604 830 1.04 1.2 x 10-5  1.22 1.91 2.94
R605 830 2.19. 3.1 x 10-5 1.22 4.00 2.94
R606 830 3.60 3.9 x 10-5 1.23 6.64 2.97
R607 830 4.32 6.3 x 10-5 1.15 8.45 2.78
a. Steady state growth rate as estimated form RHEED intensity oscillations
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Figure 4.13: X-ray FWHM versus V-
III ratio for Tsubstrate = 5200C
For the final series of growths in this set, the substrate temperature for the samples was
5200C. Again all of the samples were grown at V-III ratios similar to those of the previous
two series. Even more so than in the series grown at Tsubstrate = 5000C, the morphology is
highly degraded at V-III = 2 and would likely be unsuitable for incorporation into a device.
For higher V-III ratios, some improvement is made but it is likely that there is indium seg-
regation on the surface as well as phosphorous desorption. For this set, the sample with the
lowest net donor concentration (see Figure 4.10) also has the lowest mobility (see Figure
4.11). This relatively low mobility is likely a feature of the degraded morphology. The
highest mobility sample however is obtained at V-III = 2 which seems to contradict that
trend.
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4.3.3 Summary and Discussion
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Figure 4.14: 77K net donor concentration ver-
sus V-III ratio for three substrate temperatures.
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Figure 4.15: 77K mobility versus V-III
ratio for different substrate temperatures.
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Figure 4.16: PL FWHM versus V-III ratio
for different substrate temperatures
It is useful at this point to combine the results from the three series of experiments
together and to examine trends in the data. The combined net donor concentration versus
V-III ratio data for the three experiments are depicted in Figure 4.14. The mobility versus
V-III ratio data are given in Figure 4.15.
Some examples of Nomarski images are given in Figure 4.17 to show some differ-
ences in morphology that were obtained. The samples shown in the figure were all grown
with a cracker temperature of 9000C, with the oxide thermally desorbed. The best mor-
phology was reached at a substrate temperature of 4800C, with V-III = 6.25 (see Figure
4.17a). In Figure 4.17 (a) and (b) it is shown how a decrease in V-III ratio and a subse-
quent increase in substrate temperature have a very deleterious effect on surface morphol-
ogy.
It is clear from the results that for any V-III ratio, an increase in substrate temperature
causes a decrease in net donor concentration and also an increase in Hall mobility. The
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lowest background net donor concentration achieved was 9.975 x 1013 cm-3.77K Hall
mobilities as high as 67290 cm 2 Vls-1 were also achieved. Unfortunately, the morphology
of these seemingly high quality samples was so bad as to preclude their use in most
devices. In CBE techniques, reported lowest background donor concentrations have
ranged from 1014 cm -3 to 1015 cm -3 and reported 77K hall mobilities have been as high as
153,000 cm 2 VYs -1 [13, 14, 15, 16]. For GSMBE growth of InP, reported background net
donor concentrations have ranged from 1 x 1014 cm -3 to 9 x 1014 cm -3, with 77K Hall
mobilities reported to be as high as 112,000 cm 2 Vls-1 [18, 19, 20].
(a) 200x (a) 1000x
(b) 200x (b) 1000x
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Figure 4.17: Nomarski images of (a) Tsub = 4800 C, V-II = 6.25, (b)
Tsub = 4800C, V-III = 2.28, (c) Tsub = 5200 C, V-III = 1.91.
These high quality electrical results have been obtained along with good morphology.
Degradation in surface morphology has been reported to be a function of increasing sub-
strate temperature. The use of 20-off (100) substrates [18, 19] as well as 3.50-off (100)
substrates [13] have both been reported to virtually eliminate this problem. In this study,
the use of misoriented substrates was not examined. A number of possible reasons can be
given to explain why the Hall mobilities obtained were less than those obtained elsewhere.
Among these are:
* Incorporation of donor and acceptor impurities from the cracker
* Impurity-containing interface layer between substrate and epilayer
* Residual impurities outgassing from the chamber walls
The next two sections examine the first two items. As for the third possible source of
contamination, this effect could possibly be reduced by maintaining a continuous flow of
liquid nitrogen in the cryopanels from the time the chamber is baked and cooled. At MIT,
the liquid nitrogen flow is terminated at the end of the growth after both the sample is
removed from the chamber and the cracker temperature is below 6000 C. As the chamber
walls begin to warm up, residual impurities desorb and are left to be pumped out by the
turbo pump. It may however take a significant amount of time to achieve low pre-growth
chamber pressures. It may be expected that with this routine, better films would be
obtained after the chamber has been idle for some time such as at the beginning of the
week. In this series of growths, two films were often grown in one day followed by an
additional set the next day so some variation in material quality is to be expected.
4.4 Effect of cracker temperature
Table 4.5: Growth parameters for set of films grown using different cracker
temperatures
TcrackGrowth Thickness
Sample #er TIn (oC) Pg (Torr) Rate (gm/ V-III ratiohour)a
R609 800 830 3.1 x 10-5  1.08 6.33 2.63
R610 850 830 3.1 x 10-5  1.10 6.24 2.69
R611 950 832 3.3 x 10-5  1.10 6.12 2.72
R612 900 832 3.3 x 10-5  1.09 6.25 2.67
a. Initial growth rate as estimated from RHEED intensity oscillations
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In order to examine the effect of cracker temperature on InP material quality, a set of
four films were grown at different cracker temperatures while all other growth parameters
were approximately unchanged. The growth parameters used for this study are depicted in
Table 4.5. All of the films were grown with an phosphine flow rate of 2.5 SCCM and at a
substrate temperature of 4800C as measured by the thermocouple. The net donor concen-
tration results are depicted in Figure 4.18. The hall mobility results are shown in Figure
4.19. As can be seen from the results, the cracker temperature has a negligible effect on
the net donor concentration but does in fact have a significant effect on the hall mobility.
As expected, the PL FWHM data (see Figure 4.20) are qualitatively similar to the net
donor concentration results and are virtually unchanged for different cracker temperatures.
For lower cracker temperatures, the 77K Hall mobility increases. At Tcracker = 8000C, the
77K Hall mobility increases to 41660 cm2 Vls-1. This is almost a four fold improvement
over the Tcracker = 9500 C value of 10700 cm 2 Vls-1. A possible explanation for this phe-
nomenon is rooted in the possibility of the cracker being the source of both donor and
acceptor impurities. As the cracker temperature is decreased, both of these are decreased
which has little effect on the net donor concentration. Since the absolute number of impu-
rities are decreased, scattering is reduced, thus mobility is increased. It is possible to quan-
tify this by estimating the compensation ratios for each of the samples. As in the previous
chapter, the compensation ratio model developed in reference [7] is used. The 77K Hall
effect results along with the theoretical compensation ratio curves are depicted in Figure
4.21. From these results, we can see a definite improvement in material quality with reduc-
tion in cracker temperature. As the cracker temperature is lowered form 950 0C to 8000C,
there is a decrease of the compensation ratio from (>9) to about 6.5.
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Figure 4.21: 77K compensation ratios for different cracker
temperatures. Theoretical curves from reference [7].
4.5 Substrate-Epilayer Interface Layer
The existence of a substrate-epilayer interface has been previously reported for InP
grown by GSMBE [11, 12]. This highly conductive n-type layer has been shown through
SIMS analysis to be the result of carbon and silicon impurities which can both behave as
donors in InP. The origin of the silicon impurities was not identified but the carbon was
thought to have come from the air. Though the thickness of this interface may be thin, it is
still necessary to take it into consideration when interpreting the Hall effect results. The
effect of this layer is to provide two parallel layers of conduction in the sample thus skew-
ing the Hall effect results. Since the layer is likely more conductive than the bulk epilayer,
the net donor concentration will appear higher than it is and the Hall mobility will appear
smaller. In order to find the true net carrier concentration and mobility of the epilayer it is
possible to use the following expressions from reference [11 ]:
ntt 2 -nt2ng
2
t1 =2 (4.1)
ntjg - n2t 29 2
(ntu - n2t2 2 (4.2)
n1 = (4.2)
t l(ntp 2 - n2t 2p22)
Where t is the thickness of the entire film, and n1, gl, t1, and n2, 2, t2 are carrier con-
centrations, mobilities and thicknesses of upper layer and interfacial layer, respectively. In
order to calculate g, and nl, it is necessary to find n2 and t2 from some measurement such
as C-V. An estimate of 9 2 can be made by growing a thin film (-0.2gm) and measuring the
mobility with a Hall effect measurement [11]. In the case of these growths, it is possible to
use the preceding equations to estimate the electrical properties of the channel. An
assumption is made that the hydrogen cleaning (see section 4.6) renders the interface layer
to be electrically insignificant. With this in mind, iterative solutions to the above equations
are found such that L1 and n1 are the same as the Hall results from the hydrogen cleaned
sample. The parameters used are given in Table 4.6. The result of this iteration indicate
Table 4.6: Parameters used in substrate-epilayer interface iteration
Hall Total Interface
TySample Hall conc3 mobility thickness thickness
cm 2NVs (jtm) (gtm)
Thermal 1.944 x 1015 2607 2.67 .05
clean
H clean 4.071 x 1014 1448 NA NA
that the substrate-epilayer interface has a net donor
a Hall mobility of 2760 cm 2 Vs.1
concentration of 8.65 x 1016 cm-3 and
1. Values yielded are within approximately 5%.
4.6 Hydrogen cleaning
In order to evaluate the effect of hydrogen cleaning of the substrate prior to epilayer
growth, two films were grown to compare film quality. The first film was grown the stan-
dard way with the oxide removed thermally in the growth chamber. In the second growth,
the oxide was removed using atomic hydrogen. In the hydrogen cleaned sample, the sub-
strate temperature was held at 2400 C with a background pressure of 2.3 x 10-5 Torr for 10
minutes. The Hall effect results show an improvement in electrical quality in the hydrogen
cleaned sample. X-ray diffraction results show an improvement in the quality of the
(b)
Figure 4.22: Comparison of InP grown without
hydrogen cleaning (a) to one grown with hydrogen
cleaning (b)
hydrogen cleaned sample as well with a reduction of the FWHM from 50 arcsec to 31 arc-
sec. The density of defects in the hydrogen cleaned sample is also reduced but the overall
surface morphology of the sample is of lesser quality than the sample with the oxide
removed thermally (see Figure 4.22). Atomic Force Microscopy measurements indicate an
RMS surface roughness of 3.388 nm for the hydrogen cleaned sample versus 0.393 nm for
the thermally cleaned sample. In order to examine the reason for the improvement in the
electrical quality as a result of the atomic hydrogen cleaning, both of the samples were
measured with Secondary Ion Mass Spectrometry (SIMS). The samples were probed for
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Figure 4.23: SIMS analysis of sample
with oxide thermally desorbed
Si and C concentrations as a function of depth from the film surface. The sample that had
the oxide desorbed thermally is shown in Figure 4.23. It is evident from these results that
there is a large spike in C and Si at the substrate-epilayer interface. A sample that had the
oxide removed by atomic hydrogen is shown in Figure 4.24. The C concentration in this
sample has been reduced by an order of magnitude to about 1017 cm -3 . In a similar study,
Chun et. al. [24] cleaned InP samples with atomic hydrogen for 30 minutes with a hydro-
gen back pressure of 6 x 10-6 Torr with a substrate temperature of 350 0C. They reported
that the hydrogen cleaned sample had virtually all of the C and O removed and concluded
that the O was more easily removed than the C. They did not probe for Si or include abso-
lute concentrations in their results so it is not possible to make an accurate comparison to
their results. However, their results do suggest that it may be useful to increase the dura-
tion of the hydrogen cleaning process and/or to raise the substrate temperature during the
cleaning process.
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Figure 4.24: SIMS analysis of sample with
oxide removed by atomic hydrogen
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Chapter 5
Conclusion
5.1 Summary
N-type and P-type InP has been grown by gas source molecular beam epitaxy. The
quality of the films has been evaluated by Hall effect measurements and the quality of the
films has been shown to be comparable to other published results.
Undoped InP films were grown by gas source molecular beam epitaxy under various
substrate temperatures, V-III ratios and cracker temperatures. The effect of atomic hydro-
gen cleaning was also examined. The quality of the films was evaluated using Hall effect
measurements, x-ray diffraction, photoluminescence, Nomarski microscopy, secondary
ion mass spectrometry, and atomic force microscopy. The optimum growth conditions for
InP are given in the following section.
5.2 Recommendations
A compilation of the growth conditions under which some of the best samples were
obtained is given in Table 5.1. As noted previously, it is necessary to consider the particu-
lar application for the material when choosing the appropriate growth parameters. For the
purposes of this discussion, it will be assumed that the quality of surface morphology will
be important and thus it should be clear that less than ideal electrical characteristics will be
attainable. It is clear from the results obtained that the best surface morphologies are
obtained when the films are grown at a substrate temperature of 4800C. In this group, the
best electrical characteristics can be obtained at a V-III ratio of 6.25. At the present time,
these are the approximate parameters that are used at MIT. In order to maximize the hall
mobility of the samples it is suggested that the films be grown using a cracker temperature
of 8000C instead of the standard 9000C. This is not accompanied by any noticeable degra-
dation in surface morphologies. For ternary or quaternary As containing materials, it is
necessary to consider the cracker efficiency on AsH3 at this temperature. It has been
shown elsewhere [27] that the ratio of As 2 to As4 does not increase significantly when the
cracker temperature is raised from 8000C to 9000C.
If some morphology degradation is tolerable, it is recommended that the substrate tem-
perature be raised to 5000C. The same V-III ratio yields material with similar net donor
concentration as that grown at 4800C but with almost twice the hall mobility. The combi-
nation of this higher growth temperature along with a reduced cracker cell temperature
would likely yield material with improved electrical characteristics. Further study of
hydrogen cleaning is necessary before any recommendations can be made, although if
morphology is not considered, atomic hydrogen cleaning is recommended. The resultant
degradation in surface morphology for the hydrogen cleaned samples was unexpected
although electrical characteristics were expected to be improved.
Table 5.1: Comparison of best InP samples
77K net PL FWHM77k HallGrowth donor (eV)/x-ray
Conditions concentration (cm2Ns) FWHM (arc
(cm -3) sec)
A. Tsub = 4800 C 5.44 x 1014 1.90 x 104  11.63/50.06 Good
V-III = 6.25
Tcrkr = 9000 C
Oxide: TRa
B. Tsub = 4800 C 4.11 x 1014 4.17 x 104  12.09/46.23 Good
V-III = 6.25
Tcrkr = 8000C
Oxide: TR
C. Tsub = 5000C 5.37 x 1014 3.80 x 104 13.67/42.6 Fair
V-III = 6.64
Tcrkr = 9000C
Oxide: TR
Table 5.1: Comparison of best InP samples
77K net PL FWHM77k HallGrowth donor (eV)/x-ray
Conditions concentration 2cm Ns FWHM (arc
(cm-3)  sec)
D. Tsub = 4800C 4.07 x 1014c 1.44 x 103 c 11.93/31.28 Poor
V-III = 6.25
Tcrkr = 9000 C
Oxide: HRb
a. TR denotes thermal removal of oxide
b. HR denotes atomic hydrogen removal of oxide
c. Hall results are for 300K

Appendix A Analytical Methods
A.1 RHEED
RHEED or Reflection High Energy Electron Diffraction, is an in-situ analytical tech-
nique used to evaluate material quality and to measure growth rate. A beam of electrons
(about 10KeV) is incident upon the surface of the material (about one degree), and dif-
fracted onto a phosphorus-coated screen. At this low angle, the normal component of the
electron energy is approximately 87eV which is enough energy to penetrate only the first
few monolayers of the crystal. An amorphous surface yields a grey screen. A semicircular
ring pattern is formed from a polycrystalline surface. An single crystal surface will yield a
pattern consisting of a series of horizontal lines or rows of elongated spots[4].
For the beam of incident electrons, the crystal lattice acts as a diffraction grating yield-
ing information about the crystal from the interference patterns on the phosphor screen. A
smooth two-dimensional surface (Figure A.l.la) will yield a streaky RHEED pattern. A
rough three-dimensional surface (Figure A.1.1b) will yield a particular spotty RHEED
pattern depending on the type of crystal lattice. During the onset of growth, the RHEED
pattern exhibits an oscillatory behavior which is proportional to the crystal growth rate. A
single layer is deposited during a period between high or low intensity patterns. The
higher intensity pattern corresponds to a smooth surface, while a low intensity pattern cor-
responds to a rough surface [3]. The growth rate can be calculated from the following
equation:
GR 2T (1.1)2xT
where a is the lattice constant of the material and T is the period the RHEED oscilla-
tions (see figure A.1.2).
(a) Reflection Diffraction
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(b) Transmission-Reflection Diffraction * /
Figure A.1.1: RHEED diffraction from a (a) two-dimensional
and (b) three-dimensional surface
T I
Figure A.1.2: Typical RHEED inten-
sity oscillation
A.2 Hall Effect Measurements
To determine the carrier concentration and carrier mobility of a semiconductor sample, the
Hall effect can be exploited. Assume for the purposes of this discussion that the semicon-
ductor is p-type. If a uniform magnetic flux is directed through a sample in the perpendic-
ular direction to the hole drift under an electric field, the holes will be deflected. The total
force on a hole due to the combination of the two forces can be given by the following
equation:
F= q(E + v x B) (A.1)
where E is the electric field, v is the hole velocity, B is the magnetic field. If we examine
only the forces in the y-direction, the forces are as follows.
Fy = q(Ey - vxBz) (A.2)
In the absence of the electric field, a net force would act on each hole. Therefore, to main-
tain steady state flow, the electric field will exactly balance with the force due to the mag-
netic field. The necessary condition for balance is:
Ey = vxB z  (A.3)
Substituting an equivalent expression for hole velocity, we can rewrite this equation in
terms of current density J:
JxB
E =_ •  (A.4)Y qPo
We can express this in terms of measurable quantities and solve for carrier concentration:
IxBPo t B  (A.5)
qtVab
If we then measure the resistance of the material, we can calculate the conductivity and
thus determine the carrier mobility[5]:
lp = (A.6)
qpo
In practical measurements, it would appear that the sample geometry and contact place-
ment would have to be considered when measuring a sample. However, it has been shown
that the resistivity and Hall effect of a sample of arbitrary shape can be measured without
knowing the actual current pattern through the sample if the following conditions are ful-
filled:
* The contacts are at the circumference of the sample
* The contacts are sufficiently small
* The sample is homogeneous in thickness
* The surface of the sample is singly connected
Consider the following arbitrarily shaped sample:
/ C
p I+ (1.7)
---- C- '
A
Figure A.2.1: Hall sample of arbitrary shape
Under these conditions, the following expressions apply:
S(RABCD+RBC, DA)(RABc) (1.7)
Wheref satisfies the relation:
In2
RAB, CD - RBC, DA =farcosh (1.8)
RAB, CD + RBC, DA
fcan be approximated by the following formula:
RAB,CD BC,DA• 1n2 AB,CD-RBC, DA )4(n2)2 (In2)3f = I - -- 1_- - (1.9)
--RAB, CD + RBC, DA) 2 RAB, CD + RBC, DA 4 12
In order to determine the Hall mobility, the change in RAB,CD is measured when a
magnetic field is applied perpendicular to the sample:
dARBD, AC (1.10)B p
The resistance RAB,CD is defined as the potential difference VD - VC between the con-
tacts D and C per unit current through the contacts A and B [21].
A.3 Photoluminescence
Photoluminescence (PL) is a very powerful technique for quantifying the degree of lat-
tice mismatch between epitaxial layers as well as to identify residual impurities in semi-
conductors. Using the technique of PL, electron-hole pairs are generated by illumination
with a radiation source of higher energy than the material bandgap [2]. Impurities inside
the semiconductor will give rise to states in the material bandgap which may bind elec-
trons, holes or excitons. When these carriers recombine, their emission lines are detected
by the PL detector. Major types of transitions that are typically of interest are: (see figure
A.3.1)
* Excitonic emission: Free excitons (denoted by X) are the highest energy features.
Others are excitons bound to neutral (DoX) or ionized donor or acceptor ions.
* Band-to-impurity: Due to recombination of conduction band electron with acceptor
bound hole (eAO) or a donor-bound electron with a valence band hole (Doh).
* Donor-acceptor emission: Due to recombination between an electron bound to a
donor atom and a hole bound to an acceptor atom (DOAO) [22].
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Figure A.3.1: Various recombination processes
induced by shallow donor and acceptor impurities
A.4 X-ray Diffraction
X-ray diffraction is a very powerful characterization technique for obtaining detailed
information about epitaxial structures. This non-destructive technique can probe depths on
the order of 0lm and yet provide detailed information on an atomic scale. High Resolu-
tion X-ray Diffraction (HRXRD) and High Resolution Double Crystal X-ray Diffraction
(HRDCXD) are particularly useful for characterizing periodic structures. The X-ray spec-
tra can be compared to a computer simulation and a comparison can be made between the
actual and intended structures. The theory of operation of X-ray diffraction is quite sim-
ple. X-rays impinging on a a crystal scattered by the lattice planes forming areas of con-
structive and destructive interference. The condition for constructive interference is given
by the Bragg equation:
2dsine = nk (1.1)
Where n is an integer order of diffraction, X is the X-ray beam wavelength being dif-
Figure A.4.1: Double crystal
spectrometer
fracted and d is the crystal lattice spacing.
The process of taking X-ray diffraction measurements involves scanning through a
range of incident angles on the sample. The plot of diffracted X-ray intensity vs. 0 is
called a rocking curve. The double crystal X-ray diffractometer (see figure A.4.1) has two
identical crystals that have the same planes diffracting the radiation from the source. The
X-ray beam diffracted from the first crystal then strikes the sample crystal at the correct
angle for diffraction. In this manner, the first crystal acts like a narrow band filter and col-
limator since the Bragg condition is satisfied only for a narrow range of wavelengths and
angles of incidence. The technique of HRDCXD is most useful for it's defect associated
peak broadening [2].
A.5 Atomic Force Microscopy
Atomic Force Microscopy (AFM) is a useful technique for mapping the surface of a
material. This is done by exploiting the extremely small forces that atoms exert on each
other. The basic design consists of an ultra fine tip made of diamond or perhaps silicon,
which is mounted on the end of a cantilever. Ideally, the tip head should consist of a single
atom. This tip is brought into close contact with material being measured and feels a force
on itself which is proportional to the distance it is from the atoms directly below it (see fig-
ure A.5.1). This force tends to deform the cantilever. The different type of AFM designs
are usually distinguished by the way in which the resultant deformation is measured. The
original AFM design which was proposed by Binnig et al. [25], used a scanning tunneling
microscope which probed the cantilever. McClelland et al. [26] used optical interference
to detect the cantilever deflection in their design, which they say had improved on the
STM's oversensitiviy to cantilever roughness by probing more of its area.
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Figure A.5.1: AFM tip scanning over material
surface
A.6 Secondary Ion Mass Spectrometry
Secondary Ion Mass Spectrometry (SIMS) is a useful analytical tool for the localiza-
tion of elements in depth to a ppm sensitivity. The technique involves the bombardment of
a sample by 5-30keV ions, resulting in the sputtering, removal and ionization of the spe-
cies. These sputtered ions are analyzed with a mass spectrometer. These ions originate
from an area defined laterally by the original ion beam, and by the sample interaction
depth. In order to optimize the sensitivity of SIMS, it is necessary to maximize the flux of
secondary ions that are ejected. In order to do this, electronegative ions sources are used
when sensitivity to electropositive elements is needed and electropositive ion sources are
used for sensitivity to electronegative elements [28].
In order to get a depth profile of a sample, the primary beam is rastered over a large
area while monitoring the signal from the central portion of the crater. This prevents the
collection of secondary ions from the crater walls. The ion signal is mass analyzed and if
high resolution is necessary, a voltage bias may be applied. This is sometimes necessary in
order to prevent molecular ions from interfering with atomic ions and assumes that the
molecular ions have a more narrow energy distribution than the atomic ions. An absolute
depth scale can be added subsequently by measuring the depth with a profilometer [28].
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